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ABSTRACT 


Results are presented from an investigation of the behavior of 
graphite and several charring ablators in a variety of high radiative 
heat-flux environments. A commercial grade graphite and six state-of- 
the-art charring ablators vere subjected to various radiative environments 
produced by a CO^ laser and a carbon-arc facility. Graphite was also 
tested in xenon-arc radiation. Heat flux levels ranged from 10 to 47 

p 

MW/m . Tests vere conducted in air, nitrogen, helium, and a mixture of 
CO^ and nitrogen, simulating the Venus atmosphere. The experimental 
results are compared vith theoretical results obtained with a one- 
dimensional charring ablator analysis and a two-dimensional subliming 
ablator analysis. Photomicroscopy showed no significant differences in 
appearance or microstructure of the charring ablators or graphite after 
testing in the three different facilities, indicating that the materials 
responded fundamentally the same to the radiation of different frequencies. 
The performance of phenolic nylon and graphite was satisfactorily pre- 
dicted with existing analyses and published material property data. 

Good agreement between experimental and analytical results was obtained 
vith sublimation parameters from a chemical non-equilibrium analysis of 
graphite sublimation. Some charring ablators performed reasonably well 
and can satisfactorily withstand radiative fluxes of the level encount- 
ered in Venus entry. Other materials shoved excessive surface recession 
and/or large amounts of cracking and spalling and appear to be unsuitable 
for the severe radiative environments. 
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I. INTRODUCTION 


Charring ablative materials as veil as graphite have been u*" 
protect space vehicles from the heating environment encountered *<ien 
reentering the earth's atmosphere from space. The performance of these 
materials subjected to environments such as those experienced in earth 
reentry at orbital and escape velocity has been extensively investigated 
(refs. 1, 2, 3). Various types of analyses have been developed to pre- 
dict the behavior of materials in such environments (refs. 4-9). For 
proposed planetary missions, however, it becomes necessary to reexamine 
the problems of protecting the reentry vehicles from the severe heating. 
Atmospheric entry in such missions is characterized by large radiative 
as veil as convective heat inputs to an entry vehicle. In spite of 
recent emphasis on the study of these missions, there is still a need 
for a better understanding of the interaction of the planetary entry 
type environments with thermal protection systems. It is of prime 
importance to know how a material responds to various types and levels 
of heating and whether or not existing analyses ca be uced to predict 
material performance in the various heating regimes. 

Flight tests of each promising thermal protection material are 
not feasible for obvious reasons, and the present capability for simu- 
lating planetary entry environments in ground-based facilities is 
limited. There are facilities capable of producing radiative and 
convective heating of the appropriate levelB for simulating some plane- 
tary entry conditions, for example, selected entries into the Venus 



atmosphere. However, other parameters such as the spectral distribution 
of the radiation and the type of atmospheric gases are in general, not 
well simulated. High power lasers are the only convenient sources which 
at present can produce heat fluxes approaching those expected in entry 
into the major planets. The spectral distribution of radiation produced 
in these lasers is quite different from that in an actual reentry situa- 
tion and the behavior of materials could conceivably be different. It 
is therefore necessary to examine material response to a variety of 
environments. 

A program was undertaken to investigate the behavior of graphite 
and several charring ablators in various radiative heating environments. 
The objectives of the program were: (l) to investigate the important 

ablative mechanisms and how they are affected by a change in environment . 
(2) to investigate ablative mechanisms which may manifest themsel\ 
under planetary entry type conditions and w'lich are not taken into 
account by present thermochemical analyses. (3) t.o determine whether 
or not existing ablative analyses can be used satisfactorily to predict 
material performance in the different environments, (k) to determine 
the relative performance of some charring ablators in severe radiative 
environments. 

To carry out this program, a commercial grade graphite and six 
state-of-the-art charring ablators were subjected to radiative heating 
environments produced by a COg laser, a carbon arc, and a xenon arc. 

The heat flux levels produced by these facilities are comparable, 
although the characteristics of the radiation are significantly different. 
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The experimental results obtained from these tests were compared to 
theoretical results obtained with the use of two different computer 
programs which treat the transient response of charring and subliming 
ablators to heating environments. 
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II. MATERIALS 


The Materials investigated in the laser experiments are as follows: 

1. A phenolic-carbon (PC) composite of 50? phenolic resin and 50? 
carbon fibers, with a density of 1450 kg/m 3 . (All percentages are by 
weight. ) 

2. A high density phenolic nylon (HDPN), composed of 50Z phenolic resin 
and 50? nylon powder. The density is 1200 kg/m 3 . 

3. A low density phenolic nylon (LDPN) composed of i.5? phenolic resin, 
25? phenolic Microballoons , and 50? nylon powder f density = 550 kg/m 3 ). 

4. A silicone elastomer, 75? silicone resin, 15? SiO^ in the form of 
tiny hollow spheres (11?) and fibers (4?), and 10? phenolic Kicroballoons. 
The density is 640 kg/m 3 . 

Materials 1-4 are discussed in more detail in references 2 and 10. 

5. A filled epoxy material (Apollo heat shield material) the composi- 
tion of which is proprietary. Some measured material properties are 

3 

given in reference 10. The density is 500 kg/m . 

O 

6. A 500 kg/m polybenzimidazole (PBI) which is 69? PBI prepolymer, 13? 
carbon fibers and 18? phenolic Microballoons (material 5, reference 11). 

7. A comer cial-grade, fine-grained graphite with a density of 
1800 kg/m 3 . 

The materials tested in the carbon-arc experiments were the graphite, 
low density phenolic nylon, filled epoxy and silicone elastomer used 
in the laser tests. In addition, 3 types of pyrone (developed at 
Langley Research Center) were tested in the carbc 1 arc. The materials 
are designated P-1, a glass-filled pyrone resin with a density of 

4 



600 kg/m^; P-2, a foowd pyrone with a density of 680 kg/m^; and P-3, 
an uncured pyrone resin vith a density of U80 kg/n^. Only the graphite 
was tested in the xenon arc. 
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III. EXPERIMENTAL APPARATUS AND PROCEDURES 


Tests were conducted with three different radiation sources; a 
C0 o laser, a carbon arc, and a xenon arc. The spectral distributions 

C- 

of the radiation from these sources are shown in Figure 1. Figure 1 
also shows typical shock layer radiation spectra for two planetary 
atmospheres; Earth (air and ablation products) and Venus (COg - Ng). 

The radiation from the xenon-arc facility and the carbon-arc facility 
covers a significant portion of the Venus and Earth reentry spectral 
range. The laser radiation is considerably different from either of 
the other sources. In addition to being highly coherent and mono- 
chromatic, the radiation produced by the laser is out of the spectral 
range of the actual reentry environments. Details of the test apparatus 
and procedures are given in the following sections. 

Laser Experiments 

Test Apparatus - The laser used in these experiments was a 
continuous, d-c excited, flowing-gas, COg - Ng - H e laser. The maximum 
power output of the device is about 9 kW. For the tests discussed here 
the laser was operated at about 6 kW with a beam diameter of 4.4 cm. 

The design, construction and operating characteristics of the laser 
are discussed in detail in reference 12. 

The test set-up used for the present experiments is shown 
schematically in Figure 2. The parallel beam emerged from the laser 
tube, was reflected by a segmented mirror through a lense onto the 
surface of a sample located in a test chamber. The energy distribution 
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Comparison of shock-layer spectra for earth and venus 
atmospheres with spectra for ground test facilities. 
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across the laser beam as it emerged from the tube was somewhat irregular 
and tended to have a sharp spike near the center , typical of high power 
laser systems. The segmented mirror was used to randomize or scramble 
the beam to produce a more nearly uniform and stable distribution across 
the surface of the samples. The mirror was a close-packed array of -95 
cm diameter circular flats. The surfaces of the flats were set at 
appropriate angles so that the array approximated a parabolodial 
surface of 2m focal length. After reflection from the mirror, the beam 
passed through a circle of minimum focus of about 1.3 cm diameter at 
a point km from the mirror. The segmented mirror produced random 
interference effects and hence the intensity distribution at the focal 
plane was relatively insensitive to the distribution at the laser exit. 
The NaCl lense refocused the beam at a point about 16 cm from the test 
sample. The beam was therefore slightly divergent at the sample and 
hence minimized the heating of the sides of the samples. A retractable 
mirror was used to switch the beam from the sample optics to a calori- 
meter for calibrating the system. The mirror was controlled by an 
electric timer and was used to initiate and terminate sample exposure 
to the laser radiation. 

A four-port test chamber used to enclose the test samples to 
provide a controlled environment. Visual observations, motion pictures , 
and sample temperature measurements were made through the side ports. 

The laser beam passed through a NaCl window on the front port, passed 
through a 1.3 cm diameter nozzle, and impinged on the sample surface. 

The test gas was injected into a plenum chamber and then flowed through 
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Figure 2.- Test set-up for laser experiments 





the nozzle and past the sample. The vacuum system connected to the rear 
port removed the test gas and the ablative products and controlled the 
pressure in the test chamber. 

Instrumentation and calibration - Gas flow rates were measured with 
standard precision-bore flow meters. The pressure inside the test 
chamber was controlled by the vacuum system and was measured by conven- 
tional pressure gages. 

An optical pyrometer responding to .65 V*m radiation, was used to 
measure the temperature of the test samples. Because it was not possible 
to view the front surface of the samples, the t-iperature was measured 
on the side of the samples as close to the front surface as possible. 

The pyrometer was calibrated to account for the absorption of radiation 
by the glass viewing window. 

Water cooled calorimeters were used to measure the power output 
from the laser and the power input to the samples. One calorimeter, 
called the primary calorimeter, measured the total power of the beam 
at the laser exit (Figure 2). Another calorimeter was placed at the 
rear of the test chamber to measure the total power after the beam had 
been attenuated by the optical system. The intensity distribution across 
the beam at the test location was determined by exposing polystyrene 
rods to the laser beam. The rods were sectioned after 0.1-1 second 
exposure and the intensity profiles were determined by the shape of the 
holes burned into the rods. This technique was validated by a point- 
by-point measurement of the power density across the diameter of the 
beam. The system was calibrated so that only a measurement of the 
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beam pover at the laser exit v&s required to determine the maximum heat 
flux to the sample. 

Test samples . conditions, and procedures - The laser test samples 
were 0.6U cm diameter cylinders 7*6 cm long. During the tests they 
were positioned so that about one-third of the length extended out of 
the holder. Test sample configurations are shown in Figure 3. The 
maximum heat fluxes to the sample ranged from 36 to U7 MW/m . However, 
the heating was not uniform over the surface of the samples. The heat 
flux at the edge of the samples ranged from 70 to 80 percent of the 
maximum, depending upon the power output of the laser. A typical 
heat flux distribution is given in Figure U. 

The gas flow rates were small (= 30 m/s) but were sufficient to 
remove the ablation products from the area of the sample. The flow was 
uniform and stable throughout each tests. Test gases used were air, 
nitrogen, and helium. 

The samples were placed in the teat chamber and the system was 
regulated to obtain the desired gas flow rate and pressure. The laser 
was brought to the operating conditions with the retractable mirror 
reflecting the beam into the primary calorimeter (Figure 2)- When the 
laser had stabilized, the power output was recorded, the mirror was 
removed from the path of the beam, and the sample was exposed to the 
laser radiation. At the end of the test, the mirror was again inserted 
into the path of the beam and another power measurement was made to 
determine whether or not the laser output had changed during the test. 
Each sample was measured and weighed before and after each test to 
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Figure h.~ Typical heat-flux distribution in laser facility. 
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determine the surface recession and mass lost. To obtain significant 
recession, the graphite models were tested for 5 seconds; all others 
were tested for 2 seconds. 


Carbon-Arc Experiments 

Test apparatus - The tests in carbon-arc radiation were conducted 
in the arc-image facility at Southwest Research Institute. The operat- 
ing characteristics are given in some detail in reference 13. A 
schematic diagram of the facility as used in this study is shown in 
Figure 5. The radiation from * carbon arc is collected and focused onto 
a test sample by twin parabolic mirrors. The front mirror has a hole, 
and the door to the facility has a quartz window for viewing the sample 
during testing. Motion pictures and surface temperature measurements 
are made through these windows. The test sample is enclosed in a small 
chamber so that the environment can be controlled independently of that 
in the arc chamber. A hemispherical quartz dome forms the front of the 
test chamber so that the radiation can be focused onto the sample. It 
was necessary to place a shield in front of the sample to eliminate 
radiation to the sides 'f the sample (Figure 3)- The test gases are 
injected through a 1.3 cm diameter nozzle at a velocity of about 30 m/s, 
flow past the sample surface and are exhausted at the rear of the 
chamber . 

A clam-shell type shutter was located directly in front of the 
sample to block all radiation while the arc facility was being brought 
to the desired operating conditions. The shutter was controlled by an 
electronic timer. Opening and closing times for the shutter were about 
0.001 second. 

1U 
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Figure 5.- Test set-up for carbon-arc experiments 



Instrumentation and calibration - The heat flux at the sample 
location was measured with a water-cooled, spherical-cavity, black- 
body calorimeter. During a calibration run, the calorimeter was placed 
behind the same shield as the sample so that only the radiation that 
would be incident on the sample surface was collected by the calorimeter. 
A correlation was made of the flux measured by this primary calorimeter 
with that measured by an asymptotic calorimeter Iocs ted the beam 
between the two parabolic mirrors. During a test, oi .e output of 
the asymptotic calorimeter was recorded. The heat flu . . the sample 
was determined from these data. 

The spatial distribution of the heat flux was determined by placing 
a block of sodium silicate at the sample location and exposing it tc 
the arc radiation. After the block was exposed to the test environment, 
it was sectioned and the heating distribution was determined from the 
shape of the hole burned into the block. In the carbon-arc facility, 
the variation in heating rate across the sample surface was Ijss than 5% • 

Surface temperatures were measured with t. three-color recording 

pyrometer as discussed in reference 14. The pyrometer was focused 

directly onto the front surface of the sample. It was calibrated to 

account for absorption of radiation by the window in the door of the 

arc chamber and by the quartz dome on the sample chamber. 

Test samples, conditions and procedure • The test samples were 

0.6U cm diameter flat-faceu cylinders. Heat fluxes ranged from about 
2 2 

29 MW/m to UO MW/m as measured by the primary calorimeter. It will 
be shown later that the actual heat flux to the surface of the samples 
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was probably much less than measured. Test gases were air, nitrogen, 
helium and 90^ CO^ - 10 % N^, and the chamber pressure was varied from 
0.3 to 8 atm. 

The test samples were positioned in the holder with about 2/3 of 
the length extending out of the holder (Figure 3). The arc was initiated 
with the clam-shell shutter in the closed position, and the appropriate 
gas was injected into the sample chamber. When the desired operational 
conditions had been achieved the shutter was opened and the sample was 
exposed for five seconds. The shutter was then closed terminating the 
test. The outputs cf the temperature pyrometer and the heat flux 
calorimeter were recorded continuously during each test. 

Xenon-Arc Experiments 

The tests in xenon-arc radiation were conducted in the xenon-lamp 
apparatus of the Entry Structures Facility at NASA T s Langley Research 
Center. The apparatus consiscs of two xenon-arc units focused on a 
single area. A schematic diagram of the xenon-arc units and the test 
set-up is shown in Figure 6. The radiation is produced by a xenon arc 
and is collected and focused by an ellipsoidal mirror. After being 
focused by the mirror, the radiation passes through an optical integra- 
tor to produce a uniform beam. A lense system then refocuses the beam 
onto the sample area. The two lamp units are ased to simultaneously 
irradiate the sample. The centerline of each unit makes an angle of 
about 50 degrees with the normal to the sample surface. 
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Figure 6.- Test set-up for xenon-arc experiments. 





The sampler were not enclosed in a test chamber. Hence, all tests 
were in air at ore am pressure. A fan was used to provide some air 
flow over the samples to remove the ablative products produced during 
the tests. A recording infrared radiometer was used to measure the 
surface temperatures. This instrument responds to radiation in the 8-l6 
\m wavelength range. Reflection of the arc-radiation from the sample 
surface should therefore not influence the temperature measurement. 

The heat flux to the sample was measured by a water-cooled, black- 
body calorimeter. The heat flux measured by the calorimeter was 
correlated with the xenon-arc current which could be read directly from 
meters on the facility control panel. For each test the arc current 
was recorded as a measure of the incident heat flux. The calibration 


of the arc current in terms of the calorimeter was checked periodically. 

2 2 

Heat fluxes in these tests were 10 MW/m and 11.5 MW/m . 

Test samples were 1.27 cm diameter cylinders with a blunted front 
surface. The test configuration is shown in Figure 3. This shape is 
the equilibrium shape for models exposed to the two xenon lamps posi- 
tioned as shown in Figure 6. The shape was determined by exposing 
fluorogreen samples to the arc radiation for various times and examining 
the shape of the surface. 

Tests were initiated and terminated with the electronically con- 
trolled shutters in each arc unit. The lamps were brought to the 
operating conditions with the shutters blocking the radiation. After 
the lamps had stabilized the shutters were opened, the sample exposed 
to the radiation for the required length of time, and the shutters closed, 
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IV. ANALYSIS 


Two different analytical programs were used to make theoretical 
predictions of the response of the materials to the heating environments; 
a one-dimensional charring ablator program, and a two dimensional sub- 
liming ablator program for the graphite. The basic equations and 
general features of the analyses required for the present study are given 
below. Details are given in references 6, 7$ and 8. 

Charring Ablator Program 

The charring ablator program is a one-dimensional, numerical 
computer program which solves the governing equations for the transient 
response of thermal protection systems to heating environments. The 
program can treat a variety of systems but was developed primarily for 
charring ablators. The analysis is discussed in detail in reference 6. 
The essential features are discussed here. Three principle components 
are considered in the analysis; the uncharred ablator, a carbonaceous 
char layer resulting from the degradation of the ablator, and the 
pyrolysis gases generated when the ablator degrades upon heating 
(Figure 7)- In general, the outer surface of the char and the interface 
between the char and the uncharred material are moving boundaries. 

It is assumed that the thermal properties of a given layer are 
functions of temperature only, that all heat flow is normal to the 
heated surface, and that the pyrolysis gases are at the same temperature 
as the char. The governing equation within the char layer is; 
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Figure 7«- Charring ablator model used for one-dimensional calculations. 
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The first term is xhe heat conducted, the second term is the heat ab- 
sorbed by the transpiring gases, and the term on the right hand side of 
the equation is trie heat stored. For the uncharred layer the governing 
equation is : 
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The initial temperature distribution must be given and is assumed to be 
a function of position: 


T(y,0) = f(y) 


( 3 ) 


Initial mass transfer rates must also be given and may or may not be 
zero. Two boundary conditions must be specified at the outer surface 
o^ the char. Either the rate of char removal or the surface temperature 
must be specified. The other condition is provided by a surface energy 
balance . 

Surface material is considered to be removed by oxidation or sub- 
limation. For sublimation, the char mass loss rate is related to the 
surface temperature by the expression: 
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For a first-order oxidation reaction, the rate of char removal can 
he determined by the equation (reference 15): 
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The rate at which char is oxidized is proportional to the rate at 
which oxygen diffuses to the surface (i,e. m c = j). This rate is 

shown in reference 16 to be 
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where q ^ is the net convective heating rate to a hot ablating 
c,net 

surface and is given by: 
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The terms enclosed in the braces { } represent the reduction in heat 
transfer due to aerodynamic blocking by mass transfer. Either transpira- 
tion theory (6 = 0) or linear ablation theory (6*1) can be used to 
account .'or the effects of mass transfer on the convective heating 
rate. Combining equations (5) and (6) yields the expression for the 
rate of char removal by a first-order oxidation reaction: 


2 * 



where 


K = A 

c 



Equation (U) or (8) can be used as the boundary condition for the rate 
of removal of the surface material. The surface energy balance is 
written as: 


^net 



( 9 ) 


where the term on the right hand side represents conduction into the 
interior and 


• • 1 
q ^ = q . + otq + m AH - m AH - oeT 
tnet c,net ir c c s s w 

0 © ® © © 

The numbered terms in the above equation represent the following 
quantities : 

1 convective heat input 

2 radiative heat input 

3 combustive heat input 

U heat absorbed by sublimation of char 

5 heat reradiated from surface 



The boundary condition at the interface between the char and the 
uncharred material is given by: 

The heat conducted to the interface must be either absorbed by pyrolysis 
reactions or conducted into the uncharred material. The pyrolysis rate 
is given by the express 'on 


-B'/T 


( 12 ) 


where the reaction rate constant A* and the activation energy constant 
B' are determined experimentally by various thermoanalytical techniques 
(reference IT)* For the present study, the back surface boundary condi- 
tion allows for radiative exchange with a si: of known temperature, 

that is: 


-k' |~- = ac(T ,U - T^) (13) 

Subliming Ablator Program 

For the graphite studies, a two-dimensional numerical analysis 
was used. This analysis treats the transient response of ablating, 
axisymmetric bodies including the effects of shape change. The 
analysis is described in detail in references (7) and (8) and only the 
salient features are given here. The system whicn can be analyzed is. 



in general, a single orthotropic material of varying thickness with 
temperature dependent thermal properties. Figure 8 shows the general 
geometry used in the program. The particular geometries and numerical 
grid systems used for the present calculations are shown in Figure 9* 
For this investigation, the program was modified to account for the 
possibility of the absorption of radiation within the interior of the 
material instead of only at the surface. The governing time-dependent 
equation in fixed curvilinear coordinates is: 


h l h 2 h 3 


[£- (iila k , 2_ (iiia x 

^ 9x h, x 3x 3y h,. 


3T 


F ’ 1 * Y V 


-y[6(x)-y] 


y 3y 



3T 

3t 


(1U) 


where h^, are the scale factors for the coordinate system. A 

problem can be formulated in various coordinate systems by proper 
selection of the scale factors. The last term on the left in equation 
(lU) accounts for the in-depth absorption of radiation. It is 
convenient to transform this equation to a moving coordinate system in 
which the finite difference stations remain fixed and the coordinates 
move to accommodate changes in surface location. The transformation 
is brought about by defining the quantities; 


C = ~ and n 
*b 


2. 

6 


The transformed equation becomes: 


(15) 


26 





Figure 8.- General subliming ablator geometry for two-dimensional 
calculations . 
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(a) Blunt model (xenon-arc samples) 


Radiation \f\s+> 



Sample 


(b) Flat model (laser and carbon-arc samples) 


* Qu *lnry 


Figure 9*-* Numerical grid system for two-dimensional calculations. 
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where 


1_ 36 
*b * 


This is the general equation that is solved subject to various initial 
and boundary conditions. The initial conditions that must be specified 
are the temperature distribution, mass transfer rates, and the body 
shape. The front surface boundary conditions required are the same as 
for the charring ablator analysis discussed previously. Equations (5), 
(6), (7)» and (8) for surface oxidation apply to the subliming analysis. 
The rate of ablation by sublimation is given by: 


m 

s 


-B /T 


- 


The surface energy balance in this case is 


(17) 
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where is given by equation (10). 

A number of boundary conditions may be specified along the back 
surface and edge of the body. These conditions include a constant 
property heat sink, radiation from these surraces to e surface of s 
specified temperature, or any combination of these. 

The heat input to the surface is affected by changes in body 
geometry as well as oy aerodynamic blocking (equation (7)). The 
analysis adjusts the convective and radiative heat transfer rates to 
account for changes in body bluntness. The effects of geometry changes 
on the heating and pressure distributions around the body are also 
taken into account. Details are given in reference (7). 
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V. RESULTS AND DISCUSSION 


Material performance is compared and evaluated on the basis of 
physical appearance, surface recession, and an ablative effectiveness 
parameter (reference 2) vhich is based on the depth of material degrada- 
tion at the point of maximum heating* The effectiveness parameter is 
given by: 


pAJt 


where is the measured heat input (energy/unit time-unit area) le--. 

the heat reradiated at the point of maximum heating, t is the test 
time, p is the material density, aud A£. is the thickness of material 
degraded. The heat reradiated is computed frem the maximum measured 
surface temperature. The emittance of the test mat “rials in the charred 
state is taken as 0.9 (reference 18). 

The results from all the tests in all facilities are summarized in 
Tables I and II. Table I gives the results of the charring ablator 
tests and Table II gives the graphite results. 

Charring Ablator Experiments 

Laser tests .- Figure b shows a typical heating distribution across 
the surface of a sample exposed to the laser radiation. This type of 
distribution is, in general, reflected in the shape of the sample sur- 
face after testing. The graphite samples are cupped slightly as 
expected, whereas the ablator chars (for those materials that developed 
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significant char) are almost completely hollowed out with only • thin 
shell of char r fining around the edge. These char shells are fragile 
and easily broken. Over eost of the surface the interface between the 

i 

char and the uncharred Material vas reasonably flat, indicating that 

r 

the uncharred Material was subjected to a fairly uniform heat flux. 

The sides of the naterial ware apparently cooled sufficiently by radia- 
tion to allow a significant anount of char to build up. This behavior 
was typical of both high- and low- density phenolic nylon. Figure 10 
is an oblique-view photograph of a typical high-density phenolic nylon 
staple after exposure to the laser environment. The hollow char shell 
is readily seen. The bubbles on the side are resolidified nylon that 
was melted by stray radiation inside the test chamber. 

The epoxy naterial showed excessive surface recession with little 
or no char development . Any char that formed vas quickly swept away. 

The carbon pnenolic showed large amounts of cracking and spalling when 
exposed to the laser bean. Large chunks of naterial flew off, with 
considerable force, apparently because of thermal stresses built up 
within the aaterial, and inpinged upon the SaCl window in the front 
of the test chamber. The window thus began to heat up rapidly as it 
absorbed the laser, radiation (resulting in large reductions in heat 
flux to the sample) end ultimately failed. Failure of the window 
occurred in times leas than 0.5 see. after initiation of the teats. 
Apparently the differences in thermal expansion characteristics of the 
phenolic resin, the carbon fibers, and the carbon formed by decomposi- 
tion of the phenolic, coupled with the very rapid heating caused the 
failures of the carbon-phenolic materials. 
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The elastomer experienc a large surface recession as veil as some 
bending and twisting during the tests. Its performance was comparable 
to that of the epoxy material. In the two environments in which it was 
tested, the PBI had the best performance of any of the charring ablators. 
A thick, relatively tough char layer developed over most of the front 
surface. It was however, subject to slight surface spallation. The 
appearance of each of the materials was about the same after testing in 
various environments. 

The ablative effectiveness for phenolic -nylon and the PBI is shown 
in Figure 11. Effectiveness values were computed with equation 18 and 
then normalized with respect to the value for LDPN in air at 1 atm. 
pressure. The PBI was tested in only two environments but performed 
better than the other ablators in these environments. The LDPN per- 
formed better than the HDPN in all tests but the differences in 
effectiveness were in general not large. Neither chamber pressure nor 
test gas hac a large effect on the performance of the materials. The 
materials performed about the same in air as in nitrogen and helium. 

This behavior is likely caused by the large quantity of gases generated 
by the degradation of the material limiting the amount of test gas 
reaching the degrading surface. 

Effectiveness values for the phenolic-carbon could not be deter- 
mined because of the severe spallation. The very rapid recession and 
irregular surfaces of the epoxy and the elastomeric materials made 
surface temperature and recession measurements questionable at lest 
and no effectiveness values are given. However, if a temperature equal 
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Figure 11.- Relative effectiveness of charring materials in laser environments 



to the sublimation temperature of graphite at the given pressure is 
assumed (references 19 and 20), and an average recession is used, the 
effectiveness of these two materials is about half that of LDPN. 

Carbon-arc tests .- The materials that were tested in both the laser 
and the carbon arc (graphite, LDPN, and epoxy) appeared to perform 
much better in the carbon arc at what was supposed to be approximately 
the same test conditions. The mass lost and surface recessions were 
much smaller and the effectiveness values were much greater in the 
carbon-arc tests (see tables 1 and 2). However it is probable that the 
actual heat fluxes to the samples in the carbon arc were significantly 
less than those measured because of the absorption of incoming radiation 
by the ablative gases. The sample chamber and gas flow arrangement 
(Figures 3 and 5) is such that the ablative gases were not swept away 
cleanly and a significant volume of gas was built up in front of the 
sample. Figure 12 shows the spectral absorption coefficient for a 
carbon plasma at 3000 K and 1 atm. pressure (from reference 21). For 
comparison, the spectral energy distribution of the carbon arc is 
superimposed on the absorption coefficient curve. It is seen that over 
almost the entire spectral range of the carbon-arc radiation, the 
absorption coefficient is significant, approaching 100 cm”' 1 ’. The heat 
flux to the sample thus could be reduced substantially by the absorption 
of arc radiation by the ablative gases. For example, if an absorption 
coefficient of only 1 cm ^ is used, and it is assumed that there is 
the equivalent of just 1 cm of gas through which the radiation must 
pass to reach the surface, the heat flux is reduced by almost two-thirds 
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Figure 12.- Spectral distributions of carbon-plasma absorption 
coefficient and carbon-arc energy output. 
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of the incoming value. The average effectiveness for LDPN in the carbon 

ft 

2 

arc is about 85 MW/m , based on the measured heat flux, and only about 
2 

23 MW/m based on a corrected heat flux (table 1) . This lower value 
agrees very well with those for LDPN in the laser tests. In determining 
a corrected heat flux, it is assumed that there is one centimeter of 
ablative gases with an absorption coefficient of 1 cm ^ in front of the 
sample, tn light of figure 12 and the geometry of the test set-up, 
these assumptions appear to be reasonable. 

Figure 13 gives the relative effectiveness (corrected heat flux) 
for the ablators tested in the carbon arc . The dashed lines on the 
figure show the band within which the effectiveness values for the laser 
tests fall. The LDPN and the P-3 material performed best with effective- 
ness values in the range of those for the laser tests. The P-1 and 
P-2 had greater interface recession in spite of their higher densities 
and hence had low effectiveness. Again the elastomer and the Apollo 
material had relatively large recession rates. As expected, the 
materials performed somewhat better in inert atmospheres than in air. 
However, the differences in performances were not large. There was 
little difference in the material behavior in air and in the CO^, - 
Ng atmosphere. Again there was no apparent effect of pressure over . 
the range considered. 

Figure 14 shows photographs of the materials tested in the carbon 
arc in air at 1 atm. pressure. The LDPN, P-2, and P-3 materials 
developed relatively thick chars over the surface and showed little or 
no front surface recession around the edge. The surfaces were cupped 
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Figure 13.- Relative effectiveness of charring ablators in carbon-arc environments (corrected 
heat flux ) . 
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slightly because of the radiative cooling around the sides. The inter- 


face between the char and the uncharred material was weak and the char 
tended to separate from the sample. This behavior is also typical of 
these materials in low heat-flux convective environments. 

The P-1 material had a very thin (< 1 mm) fully developed char and 
a somewhat larger depth of partially degraded material. The char was 
tough and strongly attached. Although the effectiveness of P-1 was 
rather low, the physical appearance and surface integrity were better 
than those of the other ablators. 

Figure 15 shows the LDPN after testing in the various gases at one 
atmosphere pressure. There is no significant difference in the physical 
appearance of the samples. In general the CO^ - atmosphere appeared 
tc produce the greatest front surface recession. The interface 
recessions were about the same in air and in CO^ - N^, but the CO^ - 
sample had a noticeably thinner char. This is most likely due simply 
to the greater oxygen concentration in the CO^ - gas mixture result- 
ing in increased oxidation. 

To determine whether or not there was some microscopic differences 
in the chars developed, scanning electron microscope (SEM) photographs 
were made of the LDPN chars. Figure l6 shows the front surface of the 
chars after testing in the various environments. Comparison of the 
photographs shoved no significant differences in the appearance or 
structure of any of the chars. Also there is no evidence of any carbon 
deposition within the char as has been observed in some low heat-flux 
convective environments. Apparently the material responded fundamen- 
tally the same in all environments. 
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tensity phenolic nylon after 5 second exposure to carbon-arc environments at 1 atm. 












Graphite Experiments 


Table II gives a summary of all the graphite test results. Material 
performance is evaluated on the basis of mass loso rates and/or surface 
recessions. There was no measureable surface recession in the carbon- 
arc tests. 

Mass loss rate data for the various laser environments are given 
in Figure 17 . The rates are based on surface recession at the center 
of the sample front surface. There is no significant difference in the 
performance in nitrogen and in helium. Also there is no apparent effect 
of pressure on material performance over the range considered (0.1 - 1.0 
atm.). As expected, mass loss rates are greater in air than in the other 
gases . 

Mass loss rates for graphite in the carbon-arc environments axe 
shown in Figure 18. Since there was no measureable recession in these 
tests, the mass loss rates axe based on sample weights before and after 
testing. The symbols indicate the average values and the bars show the 
data scatter. The scatter is due primarily to variations in incident 
heat flux. In general the mass loss rates for the carbon-arc test 
were much less than those in the laser tests, even though the measured 
heat fluxes were comparable. Again it is probable that, in the 
carbon-arc tests, the actual heat fluxes to the samples were significantly 
less than the measured values, primarily because the test configuration 
allowed a considerable volume of test gas and ablative products to build 
up in front of the samples. The suits are more consistent if a 
corrected heat-flux is considered as discussed previously under the 

Ui; 




Figure 17 .- Experimental mass loss rates for graphite in laser tests. 




Figure 18.- Experimental mass loss rates for graphite in carbon-arc tests. 
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charring ablator carbon-arc tests. The results then also agree 
reasonably veil with those of reference 22 as veil as vith the analytical 
results to be discussed later. 

There is little difference in the graphite behavior in air and in 
the COg - >2 ges mixture. In each gas there is c trend for the mass loss 
rate to increase vith increasing pressure from 1 to 3 atm. In the 
present studies, this effect appears to be a result of the graphite 
microstructure as veil as thermochemical phenomena, although reference 
23 reports a correlation in vhich the mass loss rate is directly 
proportional to the pressure. If, at the higher pressures, larger molecules 
are being removed from the surface, the heat of sublimation is reduced 
and there is a corresponding increase in the mass loss rate. Also, 
graphite microstructure is nonhomogenous and can vary significantly. It 
is shown in reference 24 that grain size and porosity, in particular, 
have a major influence on graphite ablative performance. For the present 
tests, photomicrographs of graphite (Figure 19) show that the samples 
tested at the higher pressures have significantly larger grain size and 
greater porosity. This large grain size and open porosity allow greater 
subsurface oxidation and possibly in-depth removal of binder material and 
hence resulted in greater mass loss. Photomicrographs of graphite 
tested in C0 2 “ >2 show the ss “ e trencJ • 

Analytical Results 

Calculations were made only for the graphite and the phenolic nylon 
because these materials are veil characterized and their thermophysical 
properties are best knovn. Also, the analyses used can not treat 





mechanical removal of material such as occurred with several of the 

materials tested. The thermophysical properties of phenolic nylon were 

obtained from reference 10, and those of graphite from reference 25. 

The sublimation parameters were obtained from reference 22 (AH g ) and 

reference 26 (A and B in equation IT). The analysis of reference 
s s 

26 is a simplified chemical-nonequilibrium treatment of charring ablator 
and graphite sublimation and yields results which are in good agreement 
with the experimental results of reference 23. 

Figure 20 shows the experimental and calculated results for one 
graphite test in the laser facility in air, at 1 atm pressure, at a heat 
flux of U5. 8 MW/m . The calculated surface recession at the end of a 
5 second test is compared with the measured values. The scale on the 
ordinate is inverted so that the curves shown indicate the actual 
shape of the front surface from the sample centerline (s/R » 0) to the 
sample edge (s/R =1). The dashed line shows the original shape of 
the sample. The agreement between the calculated and experimental 
results is, in general, reasonably good. Although there is some 
difference in the results at the sample centerline, the magnitude of 
this difference is only about 0.5 mm. Attempts to lessen the difference 
by invoking mass loss mechanism other than sublimation and oxidation 
were unsuccessful. Absorption of radiation below the front surface 
with subsequent periodic explosive mass removal could lead to increases 
in recession, as could preferential ablation of the graphite binder. 
However, in the present graphite tests, no significant particulate 
removal was observed. Phenomena such as electric field effects 
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Figure 20.- Experimental and calculated graphite recession in laser 
facility - air, 1 atm, U 5.8 MW/m . 
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associated vith intense laser beams, direct interaction of photons witn 
atoms and molecules to dissociate carbon-carbon bonds, multi-photon 
effects, and others are possible contributors to additional mass loss 
(reference 27). They are, however, unusual effects and simple analysis 
indicates that the associated mass loss rates are negligible compared 
to those observed. Seme typical results for graphite tests in nitrogen 
and helium atmospheres in the laser facility are shown in Figures 21 
and 22. In these cases, the agreement between the calculated and 
experimental results is very good. 

Figure 23 shows typical results for graphite tests in the carbon- 
arc facility. Two sets of calculations are compared with the experi- 
mental results. The calculations in which the measured heat flux was 
used predict large recession rates whereas the tests showed no measurable 
recession. However, if the corrected heat flux is used, the calcula- 
tions show negligible recession, in agreement with the experiment. 

Similar results were obtained for all other environments in the carbon- 
arc tests. 

Further evidence that the heat flux to the ablating samples in 
the carbon arc was much less than that measured in the absence of abla- 
tion is given by the phenolic nylon results shown in Table 3 ana In 
Figures 2U, 25 and 26. Time histories of the stagnation point surface 
and interface recessions are given for both the measured and the 
corrected heat flux for tests in air at various pressures. Both the 
surface and interface recessions calculated with the corrected heat 
flux are seen to agree very well with the measured values. These 
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Figure 21.- Experimental and calculated graphite recession in laser 
facility - nitrogen, 1 atm, k0.8 MW/m^ 




Figure 22.- Experimental and calculated graphite recession in lab?r 
facility - helium, 1 atm, 38,0 Mtf/m . 
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Figure 23.- Experimental and calculated graphite recession in carbon 
arc facility - air, 1 atm. 
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Figure 2h.- Experimental and calculated recessions for luv-density 
phenolic nylon in carbon-arc facility-air, 1 atm. 
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Figure 25 •— Exper im ental and calculated recessions for low-density phenolic 
nylon in carbon-arc facility-air, 0.3 atm. 
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Figure 26.- Experimental and calculated recessions for low-density phenolic 
nylon in carbon-arc facility -air , 3*0 atm. 
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Figure 27.- Experimental and calculated graphite recession in 
xenon-arc facility-air, 1 atm. 
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calculations were made with the one-dimensional chf. - r 4 *.ig ablnto* 
analysis. 

Results for the xenon-arc experiments and calculations for graphite 
are given in Figure 27. Time histories of the stagnation point surface 
recession are shown for two heat fluxes. Again the two-dimensional 
sublimation analysis satisfactorily predicts the material response. 

In the tests discussed here* no attempt was made to simulate all 
aspects of actual planetary entry environments. At present, there are no 
ground test facilities capable of such simuJatio.. The present results do 
give an indication of how a given material will react to radiative heat 
fluxes of the level associated with h- >erv locity planetary entry. The 
results also show how the performance of a material may be affected by the 
different types of atmospheric gases that a spececraft may encounter (for 
example, air for Earth entry and CO ? ^N 2 for Venus entry). These factors 
are important when making an assessment of what types of materials may be 
candidates f^ r thermal protection systems in actual reentry situations. 

The results also give confidence in the ability to predict material behavior 
given appropriate material and enviornmental inputs. Differences in test 
and flight environments will, of course, have to be taken into account 
when extrapolating these predictions to actual reentries. 
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VI . CONCLUDING REMARKS 


Results are presented from an investigation of the behavior of 

graphite ana several charring ablators in various high radiative heat 

flux environments. A commercial grade graphite and six state-of-the- 

art charring ablators were subjected to radiative heating environments 

produced by a C0 o laser, a carbon arc, and a xer.on arc. Heat flux 

2 

levels ranged from 10 to kj MW/m . The experimental results are compared 
to theoretical calculations. 

Scanning electron microscopy showed no significant differences in 
appearance, composition, or microstructure of the charring ablators or 
graphite after testing in the three different radiative facilities. 
Apparently the materials responded fundamentally the same to the radiation 
of different frequencies. 

The performance of phenolic nylon and graphite in the radiative 
environments can be satisfactorily predicted with existing analyses and 
published sublimation data. Good agreement between experimental and 
analytical results is obtained with constants from a simplified chemical 
non-equilibrium analysis of graphite sublimation. 

There are state-of-the-art charring ablators that can satisfactor- 
ily withstand radiative fluxes typical of those encountered in Venus 
entry. The low-density pherrlic nylon and PBI performed well. The 
epoxy material (Apollo heat shield material) and the silicone elastomer 
showed excessive sur^ p ce recession in al test conditions and appear to 
be unsuitable for severe radiative environments. When exposed to 
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the laser radiation, the carbon-phenolic shoved large amounts of 
cracking and spalling apparently because of differential thermal 
expansion between the phenolic resin and the carbon fibers. It is 
significant that some of the lover density materials shoved the best 
performance because the low density would mean reduced heat shield weight 
for an entry vehicle. 

In the laser tests, the charring ablators behaved about the same 
in air, nitrogen, and helium atmospheres. In the carbon arc, the 
materials performed slightly better in nitrogen and helium than in air, 
but the differences in performance were small . The 90% CO^ - 10? 3^ 
atmosphere produced about the same interface recession in phenolic 
nylon as did air but resulted in slightly greater char less. Variations 
in chamber pressure over the range 0.1 - 3.0 atm had no significant 
effect on the performance of the charring ablators. 

There was no significant difference in the behavior of graphite 
in nitrogen ard hexium in either of the facilities, but the mass loss 
rates were somewhat greater in air and in 90% C0^ - 10% There was 

also little difference in the graphite performance in air and in C0^ - 
N^. Variation in pressure from 0.1 to 1.0 atm did not effect the per- 
formance of graphite whereas there was a trend of increasing mass ioss 
rate with increasing pressure from 1.0 to 8*0 atm. This trend was seen 
in both air and in CO ^ 
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Table 2.- Graphite Test Results 
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Table 2.- Continued 
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Table 3.- Low-Density Phenolic Nylon Calculations 



















